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Section S1. Pseudocode of the algorithm seeking the syntheses of all targets.

&

6:
> T'S: targets set (library) composed of {target,,targeta, ... targetn}

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:
22:

function GENERATEDUMMYREACTIONAND(T'S)
> T'S: targets set (library) composed of {target:.targets, ... .targetn}
> function generates and returns dummy reaction where 7'S is a product,
and targety. ..., target are substrates
> therefore, to find retrosynthetic path for TS, search algorithm needs to
find viable retrosynthetic scenarios for target; AND ... AND targety

r < newReaction()

r.add Product(T'S)

for target in T'S do

r.addSubstrate(target)
return {r}

procedure SEARCHFORLIBRARYAND(T'S)

put(PQ,node({T'S}))
dummyReactionNotY etGenerated <+ True
initializeSearchGraph(TS)
while T'rue do
substratesNode + pop(PQ)
for substrate in getSubstrates(substratesNode) do
if dummyReactionNotY etGenerated then
progenySet < generate DummyReaction AN D(substrate)
dummyReaction N otY etGenerated + False
else
progenySet « generateRetrosynthesisSteps(substrate)

for progeny in progenySet do
addT oSearchGraph(substrate, progeny)
newSubstratesNode < node((get Substrates(substratesNode)—
{substrate}) U progeny)
if notEndO f Synthesis(newSubstratesNode) then
put(PQ, newSubstratesN ode)

Figure S1. The algorithm seeking the syntheses of all targets is the extension of existing routines

for retrosynthesis search. Here, we present the pseudo-code for such a search procedure



(searchForLibraryAND, lines 6-22), that is run for target set, 7S, being a user-defined library of
targets {target, ..., targety}. The algorithm puts a node for the target set {75} into priority-
queue-based data structure, PQ, analogous to the one used for single-target search. Further, the
algorithm initializes dummyReactionNotYetGenerated as True, and search graph with a single
chemical node representing {75! (lines 7-9). Then, the while-loop begins (the loop might be
terminated, e.g., when the user decides to stop the search, if satisfactory pathways are found, or
after a defined number of iterations are performed — here, loop termination is not explicitly
considered for code-brevity reasons. In the first iteration of the loop,
(dummyReactionNotYetGenerated is True), the algorithm calls generateDummyReactionAND
(line 14), returning progenySet composed of the “multicomponent” dummy reaction target,, ...,
targety — TS (lines 1-5), which is further added to the search graph (line 19). Subsequently,
newSubstratesNode = node({target,, ..., targetn}) is put to PQ (line 22), which prioritizes the
constutuent nodes according to the user-provided scoring functions (see main text). As variable
dummyReactionNotYetGenerated has been set to False (line 19), and will not be changed
anymore, in all the subsequent iterations of the while-loop, the progenySet is computed as a
collection of viable retrosynthetic steps (generateRetrosynthesisSteps, line 21). In Chematica, the
related computations are based on expert-coded reaction rules, and include detection of possible
cross-reactivity conflicts, protections, non-selectivity issues, etc. (see main text for references).
As new retrosynthetic steps are generated, the search graph is expanded (line 19), and new
synthetic options are added to PQ (line 22). The separate selection algorithm (see main text) is
applied to retrieve a diverse set of viable retrosynthetic solutions for the requested library of
targets. Please note that in the presented pseudo-code, implementation-specific optimizations

such as code parallelization or search-graph representation are not considered.



Section S2. Pseudocode of the algorithm seeking the easiest syntheses of some targets.

1: function GENERATEDUMMYREACTIONOR(TS)
> T'S: targets set (library) composed of {target,,targets,... targety}
2 progenySet < ()
3 for target in TS do
4: r < new Reaction()
5 r.add Product(TS)
6 r.addSubstrate(target)
7

progenySet.update(r)
return progenySet

8: function EXTENDIFNEEDED(P L, substratesToBe Analyzed)
> PL: priority list; substratesToBeAnalyzed : list with substrate nodes

9: while extensionNeeded do

10: if allQueuesEmpty(PL) then raise Exception(’PL empty’)
11: if not Empty(PL[P L.recentlyVisited]) then

12: substratesNode = pop(P L[PL.recentlyVisited))

13: substratesNode.indexTakenFrom = P L.recentlyVisited
14: substratesT oBe Analyzed.extend(substrates Node)

15: PL .recentlyVisited < (PL.recentlyVisited + 1) % PL.size

16: procedure SEARCHFORLIBRARYOR(T'S)
> T'S: targets set (library) composed of {targety,targets, ... targety}
> PQ: already initialized priority-queue based data structure used in single-
target search

17: substratesToBe Analyzed < [node({TS}))

18: dummyReactionNotY etGenerated < True

19: initializeSearchGraph(TS)

20: PL + initialize PL(PQ, N)

21: while True do

22: substrates Node + getNew(substratesToBeAnalyzed)

23: for substrate in getSubstrates(substratesNode) do

24: if dummyReactionNotY etGenerated then

25: progenySet « generate DummyReactionOR(substrate)

26: dummyReactionN otY etGenerated < False

27: index < 0

28: for progeny in progenySet do

29: addT oSearchGraph(substrate, progeny)

30: putT'oPL(PLlindex], node((getSubstrates(substratesN ode)—
{substrate}) U progeny))

31: index +=1

32: else

33: progenySel « generate RetrosynthesisSteps(substrate)

34: for progeny in progenySet do

35: addT oSearchGraph(substrate, progeny)

36: newSubstratesN ode < node((getSubstrates(substrates Node)—
{substrate}) U progeny)

37: if not EndOf Synthesis(newSubstratesN ode) then

38: putToP L(PL[substratesN ode.indexTaken From|,newSubstratesN ode)

39: extendl f Needed( P L, substratesToBeAnalyzed)




Figure S2. The algorithm seeking the easiest syntheses of some targets extends routines used for
single-target retrosynthesis search. As presented in the pseudo-code, the search procedure
(searchForLibraryOR, lines 16-39) is run for the target set, {7S}, i.e., a user-defined library of N
targets {target;, ..., targety!. The algorithm first initializes substratesToBeAnalyzed as a list
containing the only node for set {7S}, dummyReactionNotYetGenerated as True, and search graph
with single chemical node representing {75} (lines 17-19). Then, the priority list PL is initialized
(line 20) as a list of N copies of queue-based data structures, PQ, used in the standard single-
target search. Finally, the while-loop begins (loop termination, e.g., by the user, is not explicitly
considered for code-brevity reasons). As the first iteration of the loop begins, substrate variable is
set to node({TS}). The algorithm calls function generateDummyReactionOR (line 25), returning
progenySet composed of N dummy reactions: target; — T8, ..., targety — TS (lines 1-7), which
are further added to the search graph (line 29). Moreover, progenies node({target;}), ...,
node({targetn}) are added to the subsequent elements of PL (line 30), allowing for comparable
exploration of retrosynthetic options for each element of the initial target library. In all
subsequent iterations of the while-loop, the progenySet is computed as a set of viable single
retrosynthesis steps (line 33). In Chematica, these computations are based on expert-coded rules,
and include detection of possible cross-reactivity conflicts, protections, non-selectivity issues,
etc. (see main text for references). As the substrates are iteratively queried by retrosynthetic-step
generator, the search graph is expanded (line 35), and newSubstrateNode variables corresponding
to already discovered new synthetic options are added to the same element of PL as
substrateNode was taken from (line 36). As algorithm advances, the list substratesToBeAnalyzed
is extended (line 39) by taking elements from PL, which is inspected in a circular order
(extendlfNeeded, line 8-15). Please note that in the presented pseudo-code, implementation-
specific optimizations such as code parallelization or search-graph representation are not

considered.



Section S3. Pseudocode of the algorithm generating isotopomers with a desired mass shift.

1: function GENERATELABELLINGS(mol, i, Scurr; S)
> mol: considered molecule
> ¢: index of currently analyzed atom
> Seurr: current mass shift, i.e. after processing atoms 1,..., (i — 1)
> S: desired mass shift of the whole molecule

2: if ¢ > mol. NumberQ f Atoms() then //all atoms already processed
3 if Scurr = S then return canonicSmiles(mol)
return NULL //wrong mass shift
4: a « mol.get Atom(i)
5: for iso € allowedlsotopes(a) do
6: if iso.massShift() + Seurr > S then continue
7 moly + mol.copy()
8: setlsotope(mols, i,iso)//set i-th atom as iso
9: yield generateLabellings(mol,i+ 1,iso.massShift() + Scurr, S)

10: function GETISOTOPOMERS(mol, S)
> mol: considered molecule
> S: desired mass shift of the whole molecule

11: V10

12: for | € generateLabellings(mol,1,0,S) do
1% if [ = NULL then continue

14: V.add(l)

15: return V

Figure S3. The algorithm generates plausible isotopomers (Get Isotopomers, lines 10-15) by
recursively-defined analysis of possible atomic labellings (GeneratelLabellings, lines 1-9).
The input molecule is processed atom-by-atom, adding combinations of isotopic variants to these
atoms as long as the user-defined mass shift S is not exceeded (lines 5-9). When all atoms are
analyzed (and some of them are isotopically labelled), the currently considered isotopomer is
returned if its total mass shift equals S, otherwise it is rejected (line 3). As the generated
isotopomers are added to the final set of results (line 14), the duplicated (i.e., having the same

canonical SMILES representation) entries are considered only once.



Section S4. Comparison of the searches to

searches for individual targets.

make all members of a library vs. consecutive

T1 T2 T3 Ta Ts Te T7
run1
All nodes 3703 3653 3572 1314 1095 1924 5616
Chemical 1563 1534 1494 569 490 802 2219
Expanded 76 70 74 20 16 32 92
Time (sec.) 20 18 21 12 22 1 61
Expanded/time 380 3.89 352 167 073 2091 1.51
run2
All nodes 4471 3721 3722 1627 1095 2486 5129
Chemical 1872 1558 1547 699 490 1035 2038
Expanded 85 71 76 27 16 45 86
Time (sec.) 23 19 19 12 21 12 59
Expanded/time 3.70 3.74 400 225 076 3.75 1.46
run3
All nodes 4319 3556 3297 1438 1095 2240 5802
Chemical 1816 1499 1381 621 490 946 2287
Expanded 82 68 69 24 16 36 95
Time (sec.) 22 19 18 12 21 10 62
Expanded/time 373 358 383 200 076 360 153
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3138 1816 6577 3818 3584 39810 4228 9.4
1315 764 2604 1550 1463 16357 1653 9.9
71 36 111 77 80 755 72 10.5
19 10 68 26 26 314 55 5.7
3.74 360 163 296 3.08 2.40 1.31 1.8
3634 1633 6569 3818 3816 41721 4228 9.9
1509 695 2594 1550 1566 17153 1653 10.4
78 30 111 77 81 783 72 10.9
20 9 67 25 27 313 57 55
3.90 3.33 1.66 3.08 3 2.50 1.26 2.0
4183 1629 6577 3690 3844 41670 4228 9.9
1721 681 2604 1497 1579 17122 1653 10.4
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Table S1: Individual measures of graph size and time elapsed for 12 single-target searches and

the corresponding find-all algorithm. The searches are for the Prozac example from the main-text

Figures

substitutions _dct

individual targets are shown under the Table.

4 and S5 (Markush structure C([*:1])C[C@H](Oclcce([*:2])ccl)clceeecl  with
{I: ['N(C)','N(CC)',N(C(=0)C)"], 2: ['H, "F', 'CI', 'C(F)(F)(F)'1}). The



All searches were performed on a machine with 64-processor threads clocked @2.2-3.6
GHz each. For each run, as soon as the target molecule (or all target molecules in case of the
find-all algorithm) became synthesizable, the timings and the search graphs were saved. Then,
the following parameters were computed for each saved graph: number of all nodes, number of
chemical-substance nodes (i.e., circular nodes representing chemicals), number of chemical
nodes that were expanded (i.e., retrosynthetic options for related chemicals were already
computed and added to the graph). An additional parameter — ratio of expanded nodes to time —
was added to estimate search efficiency. The measurements were repeated three times (runl,
run2, run3). The find-all algorithm performed around 5 times faster and required around 10 times
fewer nodes than 12 consecutive, single-target searches. Interestingly, we observe that find-all
search needs less expanded nodes than certain individual searches (e.g., for targets T1, T7 or T12),
which might reflect ‘synergy’ between targets in the find-all mode (i.e., retrosynthetic steps
explored for synthesis of one individual target might be utilized in synthetic pathways of other
targets). Of note, the searches with larger number of expanded nodes tend to have higher node
expansion ratio plateauing around 3-4 nodes/second. However, this is not surprising, as we
generally anticipate fewer but more complex molecules (e.g. late intermediates) to be analyzed at
the beginning of the search vs. larger numbers of simpler molecules to be analyzed later in the
search. Additionally, we note that searches performed for trifluoromethylated targets (Ts, T7 and
T10) have lower ratios of node expansion (Chart S1) compared with other library members. This
can be explained by our observation that execution of retrosynthetic steps involving highly
symmetric groups, such as CF3, is relatively more computationally demanding, possibly due to

multiple transformation-to-molecule matchings.
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Chart S1. Rates of node expansion (i.e., number of expanded nodes per unit time) during single
target and find-all searches. Blue crosses denote observed node expansion rates for
trifluoromethylated library members Ts, T7 and Tio. Node expansion rates for other library

members and find-all search are denoted by black crosses and red circles, respectively.



Section SS. Details of Chematica’s retrosynthetic analyses performed for fluoxetine
derivatives.

Name: FriedelCrafts Acylaton
Calculated yiel: moderate

Name: Mesunobu reacton
Calculated yiels: moderate:

Name: Misunobu reacton
Calculated yiel: moderate
Typical condtons: 1(COCI2 Lewis Acid solvent

Typical condtions: DEAD,or DCAD or DIAD.PPh3 Typical condtions: DEAD.or.DCAD.or DIAD.PPh3

Bustrative Reference: 10.1021/01800752v Bustrative Reference: DOL 10.1021/00345751 AND

Bustrative Reference: DOE 10.1021/00345751 AND
10.1021/00618757

10.1021/00618757
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Name: CBS asymmetrc reducton

Name: Wtsunobu reacton
Calcuited yie: moderate

Calculted yied: moderate.

Name: Mtsunobu reacton
Calculated yield: moderat
Typical condtons: cheal borane THE Typical condiions: DEAD,or DCAD or DIAD.PPN3 Typical condtons: DEAD.or.DCAD.or DIAD.PPh3

Bustrative Reference: DOE 10.1021/8002528056 and

Bustratve Reference: DOE 10.1021/00345751 AND
10.1021/9002598075

10.1021/00618757

Bustrative Reference: DOE 10.1021/00345751 AND
10.1021/00618757

Ak @ —TTE0 Wity § — TGO
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Name: Reducton of Amides to Amines

Calculated yied: moderate
Typial condtions: LAH.ether.He.H20

Bustrative Reference: nul

Name: Mid reducton of secondary amides to amines.
Calculated yield: moderate

Typical condions: 1. Tr20.2-FPyr EXISH.OCH 2. HEH

Bustrative Reference: DO 10.1021/8105194s.

Name: Reducton of Amides to Amines.
Calculted yie: moderate

Typical condtions: LAH.ether He.H20

Bustrative Reference: nul

Name: Mid reducton of secondary amides to amines.
Calculated yiels: moderate

Typical condiions: 1. Tr20.2-FPyr EGSSH.OCH 2. HEH

Bustrative Reference: DO 10.1021/8105194s.

~go g — el 3o -~ ge

Y w@’ O
')

b

[ Navigate | Navigate

Navigate Navigate

(g

Name: Hydrolysis of amides.

Name: Hydrolysis of amides
Calculated yiel: moderate

Calculted yield: moderate

Name: Hydrolysis of amides.

Name: Hydrolysis of amides
< Calculated yiel: moderate

Calculated yiel: moder
Typical condtons: HCLMeOH Typical condions: HCLMeOH Typical condtons: HCLMeOH Typical condions: HCLMeOH
Bustrative Reference: DO 10.1021/0002248057 (5. 4936 (8)
Hydrolysis)

Bustrative Reference: DOE 10.1021/000224a057 (p. 4936 (8)

Bustrative Reference: DOL 10.1021/000224a057 (5. 4936 (8) Bustrative Reference: DO 10.1021/0002240057 (5. 4936 (8)
osis) Hydrolysis)

e
Hydrolysis) Hydrols

0
£
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~
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Name: Reductive akylation of amines

Name: Reductve akylation of amines
Calculated yield: moderate

ulted yield: moderate

Name: Reductive akylation of amines

Name: Reductive akylation of amnes
Calculated yield: moderate

Calculated yiel: moderate
Typical condtions: formaldenyde NaBHICH Typical condtions: formaldehyde NaBHICH Typical condtons: formaldehyde NaBHICH Typical condtions: formaldehyde NaBHICH
Bustrative Reference: 10.1021/m1000411 and 10.1021/01101126
and 10.10164 tetasy 2015.08.002 and

10.399/ark $550190.0013.404

Bustrative Reference: 10.1021/m1000411 and 10.1021/01011520
and 10.1016/tetasy 2015.08.002 and
10.3998ark $550190.0013.404

Bustrative Reference: 10.1021/m1000411 and 10.1021/01101126
and 10.10164 tetasy 2015.08.002 and
rk $650190.0013.404

Bustrative Reference: 10.1021/mi1000411 and 10.1021/011011520.
and 10.1016/tetasy 2015.08.002 and
10.3998/ark $550190.0013.404

Navigate Navigate
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Figure S4. Details of Chematica’s synthetic plan for the library of fluoxetine derivatives; the
figure complements main-text Figure 4.
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Section S6. Details of Chematica’s retrosynthetic analyses performed for fluoxetine
derivatives in individual, target-by-target searches.

Enantoselective alyiaion of aldehydes Name: FriedelCrafts Acylaton Name: Asymmetri addtin to adenyde
ted yiekt: good Cakulsted yiekd: moderate Caicusted yied: good

Typical Typical condtions: 1(COCH2 Lewis Acd solvent Typical condtions: 1. 2n. 2. TLOPr4.cheal catayst
[r(coo) hosphine mi02-820H Cs2C03.THE.100C
Bustratve Reference: 10.1021/0800752v Bustratve Reference: 10.1018/50040-4039(01)93432-x AND
Bustrative Reference: 10.1021/8802001b and 10.1021/8805722¢ 10.12¢6/55}20090232 AND 10.1039/C39620000368
804 10.1002/chem 201404065 and 10.1002/anie 201209653

Hame:
Calculsted yied: moderate

ndtions: chral borane THE
Bustratve Reference: DOE 10.102178002520055 and
10.102148002590075 rence: DO 10.1021/00345751 AND

KA V\© - A «,'@ €, ) @
: 00 o

Calcuisted yild: moderate A =

Name: Brown Hydroboraton of Akenes
Typical condtions: DEAD or.DCAD,or DIAD. PPN Cakcuated yied: moderate

00K 10.1021/00345751 AND Typical condtions: 8246 H202 THE NaOK
10.1021/60618757

%ANC

Name: Reducton of carbamates to li-Methyl amines.
Calculsted yied: good

LanTHE

Cakculated y Reference: 10,1016 tetasy2013.02010 an

. ¢
10,1016/ tetasy.2013.04,003 and 10.1021/acs jmedchem 5601584
Typical condiions: MSCLECN and 1010218105772z

Bustrative Reference: DOE 10.1039/8301100C and Reference: DO 10.1038/8201100C and
007

1010161 tetasy.2013.05 2013.05.007

(_Navigate

Navgae ‘ (avgae |

Figure S5. Details of the top-scoring pathways identified by Chematica for the A1 member of the
library of fluoxetine derivatives (cf. main-text Figure 5a-c).
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Name: Enantioselective alllation of aldehydes Name: Mitsunobu reaction Name: Ozonolysis Name: N-alkylation of amines
Calculated yiekd: good Calculated yield: moderate Calculated yieki: good Calculated yield: good

Typical condtions: Typical condtions: DEAD.or.DCAD.or.DIAD PPh3 Typical condtions: 03 MeOH CH2C2 NaBH4 low temperature Typical condtions: MSCLEGN
{(cod)CI2 chiral phosphine. mNO2-B20H Cs2C03.THF.100C
Mustrative Reference: DOL 10.1021/00345751 AND lustrative Reference: null Hustrative Reference: DOI 10.1039/8301100C and
Hustrative Reference: 10.1021/j802001b and 10.1021/ja805722¢ 10.1021/010618757 10.1016/ tetasy.2013.05.007
and 10.1002/chem 201404065 and 10.1002/anie. 201209863

| Navigate Navigate

Figure S6. Details of the top-scoring pathway identified by Chematica for the A3 member of the
library of fluoxetine derivatives (cf. main-text Figure 5d).

Name: Enantioselective alylation of aidehydes Name: Mitsunobu reaction Name: Ozonolysis. Name: N-akylation of amines by alcohols.
Calculated yiel: good Calculated yield: moderate Calculated yield: good Calculated yiel: good

Typical conditions: Typical condtions: DEAD. or.DCAD.or.DIAD.PPh3 Typical condtions: 03.1eOH.CH2C2 NaBH4 low temperature Typical condions:
[r(cod)CA2.chiral phosphine. mNO2-BZOH.Cs2CO3.THF.100C I DCH.22,6,6-tet

RT.Na(e
Bustrative Reference: DOE 10.1021/j00345751 AND Bustrative Reference: null acetate

Bustrative Reference: 10. and 10. 10,

and 10.1002/chem 201404065 and 10.1002/anie. 201209863 Bustrative Reference: DOE 10.1021/0201351a

\ w W v 2

W Navigate W L ] o L3 Navigate | Navigate

Figure S7. Details of the top-scoring pathway identified by Chematica for the D3 member of the
library of fluoxetine derivatives (cf. main-text Figure Se).
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Section S7. Details of Chematica’s retrosynthetic analyses performed for Almorexant

derivatives.

Name: Stereoselective Pictet - Spengler Reaction
Calculated yield: good

Typical condtions: acid. Chiral catalyst

Bustrative Reference: DOL 10.1021/a046259p or DOL
10.1002/anie 201008071

oo

0

Name: Stereoselective Pictet - Spengler Reaction
Calculated yield: good

Typical condtions: acid. Chiral catalyst

Bustrative Reference: DOL 10.1021/a046259p or DOL
10.1002/anie. 201008071

Name: Stereoselective Pictet - Spengler Reaction
Calculated yiel: good

Typical condtions: acid. Chiral catalyst

Bustrative Reference: DO 10.1021/ja046259p or DO
10.1002/anie.201008071

Name: Tsuj-Wacker Oxidation of akenes.
Calculated yieid: moderate

Typical condtions: PACR2(PhCn)2.CuCR2 AGNO2.02tBUOH MeNO2.1t

Hustrative Reference: 10.1021/jacs 6608788 and
10.1021/j2411749kand 10.1002/anie. 201306756 and
10.

1709-X and 10.1021/a; 6601165

Navigate

Name: Amide couping
Calculated yield: good

Typical condtions: DCC.OCM or EDC.OCM

Hustrative Reference: null
e,
e

| Navigate

Name: Stereoselective Pictet - Spengler Reaction
Calculated yiek': good

Typical condtions: acid. Chiral catalyst

Bustrative Reference: DO 10.1021/j8046259p or DO
10.1002/anie. 201008071

Navigate |
preveee)

Name: Tsuj-Wacker Oxidation of akenes
Calculated yield: moderate

Typical condtions: PACR2(PCn)2.CuC2 AGNO2. 02 BUOH MeNO2.1t
Bustrative Reference: 10.1021/jacs 6608788 and

10.1021/ja411749kand 10.1002/anie. 201306756 and
10. 09-X and 10.1021/ac

Name: Suzuki akykvinyl couping
Calculated yield: good

Typical condtions: 1.9BBN-H.or.pinB-Bpin.Cu 2 [Pd] igand.base
Bustrative Reference:

10.1002/1521-3773(20011217)40:244544::AD-ANE4544>3.0.CO2-N
and 10.1021/01300575d

Navigate

)

Name: Akylation of amines with activated secondary aicohols
Calculated yiels: moderate

Typical condtions: 1. MsCI 2. amine.NEt3

Hustrative Reference: WO2004/46107 (p219) and
101016/ tetlet 2013.08.059 AND 10.1021/m0S0857c and

¢

A,

Name: Akylation of amines with akyl bromides
Calculated yiek: moderate

Typical condtions: K2CO3 MeCN
Bustrative Reference: 10.1016/jtetasy.2013.01.023 and

10.10164bmc.2013.01.041 and 10.1021/000118a017 and
10.1016/1et.2014.06.126

Name: Alkylation of amines with activated secondary aicohols
Calculated yield: moderate

Typical condtions: 1. MsCI 2. amine.NEt3

Hustrative Reference: W02004/46107 (5219) and
101016/} tetiet 2013.08.059 AND 10.1021/jm050857¢ and
1010161

00

o

Name: Akylation of amines with activated secondary alcohols
Calculated yiels: moderate

Typical condtions: 1. MsCI 2. amine.NEt3
Bustrative Reference: WO02004/46107 (p219) and

101016/} tetiet 2013.08.059 AND 10.1021/jm0S0857c and
10.1016/5004 9 and 10.

1. XX

Name: SN2 NR2
Calculated yield: moderate

Typical condtions: DMF DMSO.acetone

Hustrative Reference: nul

%5

Name: Alkylation of amines wih activated secondary alcohols
Calculated yield: moderate

Typical condtions: 1. MsCI2. amine.NEt3
Bustrative Reference: WO2004/46107 (p219) and

101016/ tetiet 2013.08.059 AND 10.10214m0S0857c and
10.1016/5004¢ and 10.

Name: SN2 NR2
Calculated yield: moderate

Typical condtions: DMF DMSO.acetone

Hustrative Reference: null

Navigate

Name: Tsuj-Wacker Oxidation of akenes
Calculated yiek: moderate

Typical condtions: PACR2(PhCn)2.CuCi2 AGNO2.02 tBUOH MeNO2.1t
Hustrative Reference: 10.1021/jacs 6608788 and

10.1021/2411749kand 10.1002/anie. 201306756 and
10 ) and 10.1021/a

Navigate

Name: Ozonolysis
Calculated yield: good

Typical condtions: 03 MeOH.CH2C2.PPh3 or Me2S low temperature

Hustrative Reference: null

Navigate

Name: SN2 NR2
Calculated yield: moderate

Typical condtions: DMF.DUSO.acetone

Bustrative Reference: null

Navigate

Figure S8. Details of Chematica’s synthetic plan for the library of Almorexant derivatives; the
figure complements main-text Figure 6.
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Section S8. Details of Chematica’s retrosynthetic analyses performed for tryptophan
derivatives.
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Figure S9. Components of library of tryptophan derivatives; the figure complements main-text
Figure 7.
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Name: Amide coupiing
Calculated yieid: good

Typical condttions: DCC.DCM or EDC.DCM

lustrative Reference: null

Name: Amide coupling
Calculated yield: good

Typical condtions: Coupling reagent e.g. DCC, EDC, CDI or HBTU.
Solvent e.g. THF, DCM.

Hustrative Reference: 10.1021/jm201214d AND
10.1002/anie. 201307803 AND 10.1021/j82061159 (SI, page S4)

ANPAA 1020INEARANZATE ANN 1N 1020INEAPANAINE ANN

b 35— B

Name: Arndt-Eisert Synthesis
Calculated yield: good

Typical conditions: diazomethane.ether.-78 C to rt

llustrative Reference: nul

Name: Boc removal
Calculated yield: moderate

Typical conditions: TFA.DCM

Hustrative Reference: 10.1016/.bmc.2015.01.014 and
10.1016/jtet.2011.02.028 and 10.1016/j.tet.2015.11.027

Name: Amide coupiing
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

Hustrative Reference: null

&% g

Name: Arndt-Eisert Synthesis
Calculated yiek: good

Typical conditions: diazomethane.ether.-78 C to rt

lustrative Reference: nul

Navigate

Name: Amide coupiing
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

Mustrative Reference: null

Moo -%é@

Name: Amide couping
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

Hustrative Reference: nul

oo §

Name: Amide coupling
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

Hustrative Reference: null

&G, 2:;”

Name: Amide coupling
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

lustrative Reference: nul

Name: Amide coupiing
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

Hustrative Reference: null

Navigate

Figure S10. Details of Chematica’s synthetic plan for the library of tryptophan derivatives; the
figure complements main-text Figure 7.
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Name: Amide coupiing
Calculated yiekd: good

Typical conditions: DCC.DCM or EDC.DCM

Hustrative Reference: null

Name: N-alkylation of amines
Calculated yiekd: good

Typical conditions: MsCLE3N

lustrative Reference: DOL 10.1039/8301100C and
10.1016/ tetasy.2013.05.007

&R o 'Q%W@

Name: Amide coupling
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCHM

lustrative Reference: null

&
&by — 0

Name: Amide coupling
Calculated yieki: good

Typical conditions: DCC.DCM or EDC.DCM

llustrative Reference: null

Navigate

Name: Amide coupling
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

llustrative Reference: nul

& %@

Name: N-akylation of amines
Calculated yield: good

Typical conditions: MSCLE(3N

Hustrative Reference: DOL 10.1039/8301100C and
10.1016/ tetasy.2013.05.007

w%g-gﬂ

Name: N-alkylation of amines
Calculated yield: good

Typical conditions: MsCLEt3N

Hustrative Reference: DOL 10.1039/8301100C and
10.1016/jtetasy.2013.05.007

&% - ~o -;g“@

Name: Amide couping
Calculated yield: good

Typical condtions: DCC.DCM or EDC.DCH

llustrative Reference: null

m%@-2”

Name: N-alkylation of amines.
Calculated yield: good

Typical condtions: MSCLEt3N

Hustrative Reference: DOL: 10.1039/8301100C and
10.1016/jtetasy.2013.05.007

5By — NGO

Name: Amide coupiing
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCH

llustrative Reference: null

Name: Amide coupling
Calculated yield: good

Typical conditions: DCC.DCM or EDC.DCM

Hustrative Reference: null

Name: Amide coupling Name: Amide coupling
Calculated yield: good Calculated yield: good Navigate
Typical conditons: DCC.DCM or EDC.DCH Typical condtions: DCC.DCH or EDC.OCH

Hustrative Reference: null Hustrative Reference: null

w%g-gﬂ@w%gfzm

Navigate & . | Navigate

Figure S11. Details of Chematica’s synthetic plan for the library of tryptophan derivatives; the
figure complements main-text Figure 7.
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Section S9. Details of Chematica’s retrosynthetic analyses performed for the 1C1199441

derivatives.

Name: N-alkylation of amines by alcohols
Calculated yiel: good

Typical condtions:

DCH.2,2,6,6-tetramethyk1-piperidinol phenylodosodiaacetate RT.Na(e
acetate

Bustrative Reference: DOE 10.1021/0201351a

y. 4
A

6 9%

Navigate

Name: N-alkylation of amines by alcohols
Caculated yiekd: good

Typical condtions:

DCM 2,26 6-tetramethy-1-piperidinol phenylodosodiaacetate. R Na(
acetate

Bustrative Reference: DOE 10.1021/0201351a

Navigate

Name: N-alkylation of amines by alcohols
Calculated yiek: good

Typical condions:
DCH.2,26,6-tetramethyk-1-piperidinol phenylodosodiaacetate.RT.Na(z
acetate

Bustrative Reference: DOE 10.1021/0201351a

%

A

Q

Navigate

Figure S12. Details of the five top-scoring pathways proposed by Chematica’s for the synthesis

Name: N-akylation of amines by alcohols
Calculated yield: good

Typical conditions:
1

Name: N-alkylation of amines by alcohols
Caiculated yield: good

Typical conditions:

DCM.2,266-t RT Na(e

0CH.22
acetate

Hustrative Reference: DOE 10.1021/0201351a

RT.Na(e
acetate

Bustrative Reference: DO 10.1021/0201351a

Name: Reduction of carbamates to N-Methyl amines

Calculated yiel: good

Typical conditions: LAH.THF

Hustrative Reference: 10.1016/jtetasy.2013.02.010 and
10,1016/ tetasy.2013.04.003 and 10.1021/acs jmedchem Sb01984

and 1010212105772z

Name: Reduction of carbamates to N-Methyl amines
Calculated yield: good

Typical conditions: LAH.THF
Hustrative Reference: 10.1016/jtetasy.2013.02.010 and

101016/} tetasy.2013.04.003 and 10.1021/acs jmedchem Sb01984
and 1010212105772z

%
4\.

Q

Name: Wilgerodt-Kindier Reaction
Calculated yield: moderate

‘Typical conditions: (NH4)2S.H20

Hustrative Reference: nul

Name: Reduction of carbamates to N-Methyl amines
Calculated yield: good

Typical condtions: LAH.THF
ustrative Reference: 101016/} tetasy.2013.02.010 and

10.1016/jtetasy.2013.04.003 and 10.1021/acs jmedchem 501984
and 10.1021/a1057722

Navigate

Name: Reduction of carbamates to N-Methyl amines
Caiculated yield: good

Typical condiions: LAH.THF
Hustrative Reference: 10.1016/jtetasy.2013.02.010 and

10.1016/jtetasy.2013.04.003 and 10.1021/acs jmedchem Sb01984
and 10.1021/a1057722

Navigate

Name: Reduction of carbamates to N-Methyl amines
Calculated yield: good

Typical condtions: LAHTHF
Bustrative Reference: 101016/} tetasy.2013.02.010 and

10.1016/jtetasy.2013.04.003 and 10.1021/acs jmedchem 5601984
and 1010218105772z

Q

Navigate

Name: Wilgerodt Kindier Reaction
Caiculated yieid: moderate

Typical condtions: (NH4)25.H20

Bustrative Reference: nul

AN
- @Y\Q
Navigate

Name: Wilgerodt-Kindler Reaction
Calculated yiek: moderate

Typical condtions: (NH4)2S H20

Bustrative Reference: nul

Navigate

Name: Wilgerodt-Kindier Reaction
Calculated yield: moderate

Typical condtions: (NH4)25.H20

Bustrative Reference: nul

Navigate

Name: Wilgerodt-Kindler Reaction
Calculsted yieid: moderate

Typical condtions: (NH4)2S H20

Bustrative Reference: nul

g
R
Q

Navigate |

of the most accessible members of the ICI199441 library discussed in main-text Figure 8.
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Section S10. Details of Chematica’s retrosynthetic analyses performed for 3C/*H labeled
Cinacalcet.

Name: Addtion of Grignard reagents to sulfinylmines folowed by Name: N-akylation of amines

deprotecton Calculated yield: good

Calculated yiel: good
Typical condtions: MSCLEIIN

Typical condtions: 1.Chiral auxllary (eg. Elmann's sulfnamide) 2.

9.2HF -76C. 3HCLMEOH Bustrative Reference: DOL 10.1039/8301100C and
10,1016/ tetasy.2013.05.007

Bustrative Reference: 10.1002/ejoc. 201201712 AND

- 00 . .00 — o

( Navgate w | e Navigate

Hame: Hydoamnonethyion #
Coted e modeue 3

Typical condtions: Rh-catalyst CO.H2 pressure heating toluene

Bustrative Reference: 10.1021/0K012635 and 10.1039/8702497€
and 10.1016/S0040-4039(99)01020- and 10.1021/01702933 and
101016/ tetet 2007.09.154

| Navigate

Name: Friedel-Crafts Acylation Name: Reduction of sulfinylimines folowed by deprotection Name: N-akylation of amines
o oo #2
Typical conditions: 1. TSNH2NH2.2.nBuLi THF then D20 [Ru(CR)(p-cymene)]2 tBuOK aminoaicohol PrOH 3.HclMeOH
lustrative Reference: 10.1021/ja00408a007 and 10.1021/01300652k ustrative Reference: 10.1002/chem 201102426 10.1016/ tetasy. 2013.05.007
‘and 10.1055/5-0030-1261184

| Navigate

Name: Hydroaminomethylation
Calculated yieid: moderate

Rh-catalyst CO.H2. toliene

Bustrative Reference: 10.1021/04012635 and 10.1039/8702497€ Name: Direct akylaton of arylacetic acils Name: Schmitreaction Name: N-akylaton of amines by aicohols #5
and 10.1016/50040-4039(89)01020-5 and 10.1021/01702933g and Calculated yield: moderate Calculated yiel: moderate Calculated yiek: good
101016/} etet 2007.09.154
Typical condtions: nBuLi chiral cat 0C THF Typical condtions: azide.He.40C Typical condtions:
DCI.2,2,6,6-tetramethyk1-piperidnol phenyiodosodiaacetate RT.Na(e
Bustrative Reference: DOL 10.10214a205107x Bustrative Reference: nul acetate

Navigate J Y

Navigate Navigate w | [ Navigate |

Figure S13. Details of the five top-scoring pathways identified by Chematica searching for the
most accessible 1*C/?H labeled M+1 isotopomers of Cinacalcet (cf. main-text Figure 9).
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Section S11. Details of Chematica’s retrosynthetic analyses performed for various M+1 13C
labelled drug molecules.

Name: Suzuki coupling with aryl chiorides Name: Addition of Grignard reagents to sulfinylimines followed by Name: Amination of pyridones.

Calculated yield: good deprotection Calculated yield: moderate
Calculated yield: good

Typical conditions: [Pd].catalyst base. Typical conditions: 1.PCIS.2.amine
Typical conditions: 1.Chiral auxiliary (eg. Eimann's sulfinamide) 2.

lustrative Reference: 10.1002/anie. 201108608 and 9.2HF -78C. 3HCLMeOH lustrative Reference: 10.1021/m300780p AND
10.1002/anie.20080146S and 10.1055/s-0033-1338293 and 10.3390/molecules 170910902 AND 10.1021/j/m00392a017
10.1039/c1¢cc10708a and 10.1055/5-0030-1260169 and llustrative Reference: 10.1002/ejoc.201201712 AND

o - OO - 0

‘ Navigate Navigate Navigate

Figure S14. Details of the top-scoring pathway proposed by Chematica for the most accessible
13C labeled M+1 isotopomer of AMG-319 (cf. main-text Figure 10a).

Name: Grignard reaction with nitriles. Name: Amination of aryl chiorides.
Calculated yield: moderate Calculated yield: good

Typical conditions: 1.Mg.THF reflux 2.Hcl heating Typical conditions: [Pd] Ligand base

lustrative Reference: 10.1055/s-2004-834857 and lustrative Reference: 10.1021/ja303043z AND 10.1021/jp060845k
10.1002/ejoc. 201403402 and 10.1016/50968-0896(03)00238-4 and AND 10.1021/j0080190h AND 10.1021/ja8055358 AND
10.1002/chem 201102865 10.1021/ja088926f
Name: Amide coupling

o &, Calculated yield: good

| ) ! ' Typical condtions: Coupling reagent e.g. DCC, EDC, CDI or HBTU. Solvent e.g. THF,
)@ . DM
# M - " W,

llustrative Reference: 10.1021/jm201214d AND 10.1002/anie. 201307803 AND
10.1021/ja2061159 (S|, page S4) AND10 1038/C50500847F AND

1n A2NE AN AR 1094 AND AN AN Bm@NNASTT AN

@ m Navigate b | ! .Nawgate |

Name: DoM fluoride CO2
Calculated yield: moderate

Typical conditions: RLi.or LiINR2 -78C.THF then CO2 then H+

lustrative Reference: 10.1016/50040-4033(00)60805-5 AND
10.1021/a01870a037

MNavigate
{Ll ll‘ Mavigate

Figure S15. Details of the top-scoring pathway proposed by Chematica for the most accessible
13C labeled M+1 isotopomer of Lasmiditan (cf. main-text Figure 10b).
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Name: Alylation of amines with alkyl chiorides (PTC conditions) Name: N-alkylation of amines Name: Pd-catalyzed aminocarbonylation of aryl bromides
Calculated yield: good Calculated yield: good Calculated yield: moderate

Typical conditions: KOH.toluene.PTC.catalyst | Typical conditions: MsCLEt3N Typical condtions: Pd(cat).CO.TEA dioxane.45C

lustrative Reference: DOL 10.1016/50040-4039(00)74286-9 AND lustrative Reference: DOL 10.1039/8301100C and Hustrative Reference: DOL 10.1021/01502014b
10.1016/1.bmcl.2012.08.032 10.1016/) tetasy.2013.05.007

b%%@

Navigate ‘ " Navigate Navigate
( Navigale ) | favgete )

Figure S16. Details of the top-scoring pathway proposed by Chematica for the most accessible
13C labeled M+1 isotopomer of Roluperidone (cf. main-text Figure 10c¢).

sfone.,
$84,%0 $’\~'—-’°\>‘

Name: SN2 alicohol Name: Decarboxylative alkylation using tandem Ir/Ni photocatalytic system
Calculated yield: good Calculated yield: good

Typical conditions: DMF.DMSO.acetone Typical conditions: [Ir].catalyst.Ni.catalyst.blue.light. DMSO.DMF.base.rt

llustrative Reference: null llustrative Reference: 10.1038/nature19056

] B S@ — o0

Navigate ‘ " Navigate

Figure S17. Details of the top-scoring pathway proposed by Chematica for the most accessible
13C labeled M+1 isotopomer of Pitolisant (cf. main-text Figure 10d).
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Name: Synthesis of aryl hydrazines Name: Synthesis of indoles from olefins and hydrazones
Calculated yield: good Calculated yield: moderate

Typical conditions: 1) NaNO2.Hcl.2) SnCI2.3) NaOH Typical conditions: Rh(cat).H2.CO

llustrative Reference: DOL 10.1021/jm00117a010 llustrative Reference: DOL 10.1021/010350184

Figure S18. Details of the top-scoring pathway proposed by Chematica for the most accessible
13C labeled M+1 isotopomer of Almotriptan (cf. main-text Figure 10e).
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